Study design: Case-control study. Objectives: To evaluate the resting airway caliber in subjects with tetraplegia; to define the participation of cholinergic innervation in this condition; and to determine if baclofen modifies this pattern. Setting: A rehabilitation hospital, Brası´lia, Brazil. Methods: We studied 18 tetraplegic patients, with complete motor loss between C4 and C8, and 18 healthy control subjects by measuring airway conductance, before and after inhaled ipratropium bromide. Results: At baseline, the pulmonary function parameters revealed mild-to-moderate restrictive impairment in tetraplegic patients as defined by decreases in total lung capacity and predicted percent of slow vital capacity. The average baseline specific airway conductance (sGaw) was less in tetraplegic patients (0.2570.11) than in the control group (0.4170.10 l/s/cm H 2 O) (Po0.0001). All patients had improved postbronchodilator sGaw X40% compared with only four of the 18 controls (Po0.001). The average increase for tetraplegic patients was 235% (793) versus 25% (724) for controls (Po0.0001). Analysis of variance for repeated measurements showed significant difference in sGaw between the control and spinal cord injury (SCI) groups (Po0.0001) following bronchodilator challenge, but found no difference for total gas volume. No difference for mean basal sGaw and bronchodilator challenge was encountered comparing tetraplegic patients using baclofen to those not using it.
Introduction
Pulmonary dysfunction is one of the chief clinical challenges facing patients with high spinal cord lesions.
1,2 Transection of the cervical or high thoracic spinal cord interrupts sympathetic innervation and circulating catecholamine levels fall, 3 but the vagal nuclei of the brain stem remain intact. 4 Such unopposed vagal tone might be expected to cause enhanced vagal activity to the heart and airways. Clinical examples of this imbalance are the hypotension, bradycardia and symptomatic breathlessness following exposure to hot air and passive cigarette smoke experienced by tetraplegic patients. This may suggest bronchial hyperactivity 5 associated with cervical spinal cord injury (SCI).
Therefore, it is hypothesized that the interruption of sympathetic out flow in these patients results in an increase in bronchial tone. It was previously suggested by spirometry that approximately 45% of subjects with chronic cervical SCI experienced significant bronchodilatation following inhalation of either beta-2 agonist (metaproterenol sulfate) or anticholinergic (ipratropium bromide), 6, 7 thereby suggesting that baseline airway caliber is decreased in at least half of subjects. Recently, it was demonstrated that conductance improves in these subjects when nebulized with metaproterenol sulfate 8 and ipratropium bromide. 9 The aim of the present study is to further define cholinergic bronchomotor tone in patients with cervical SCI. The use of spirometric forced expiratory flows is not sensitive as a marker of airway size nor for the detection of airway patency. 10 Therefore, we chose plethysmography to assess airway conductance, before and after specific blockage of cholinergic receptors by ipratropium bromide. Secondarily, we hoped to clarify the effect of baclofen on the airway tone of these subjects. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] , studied during the same time period. All participants were screened for a history of pulmonary disease or respiratory symptoms, recent respiratory viral or bacterial infection, and asthma or seasonal allergy. None of the control group had ever been cigarette smokers, whereas three subjects in tetraplegic group were former smokers (ceased 424 months previously) and one was currently smoking. Data regarding patient's age, level, duration of injury and smoking status, as well as medications in use, are provided in Table 1 .
Materials and methods

Subjects
Procedures
First, forced spirometric measurements were obtained with the subjects seated in their wheelchairs using an automated pulmonary function laboratory (MasterScope, Erich Jaeger GmbH). Baseline and postbronchodilator values of forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV 1 ) were obtained for each subject according to the recommendations of the American Thoracic Society (ATS). 11 Baseline slow vital capacity (SVC) and other related measurements were obtained from subjects seated within the plethysmographic chamber. In some individuals, reproducible efforts were deemed acceptable despite back-extrapolated volumes in excess of standard limits and/or despite forced expiratory times lasting less than 6 s, as previously validated among subjects with cervical SCI. 12 Spirometry results are expressed as absolute values and percent of predicted. 13 Following the forced spirometry, thoracic gas volume (TGV) and airway resistance were measured by the methods of DuBois et al 14, 15 using a constant-volume body plethysmograph (Medgraphcs s PF/Dx 1085D). Specific airway conductance (sGaw) was calculated by dividing the airway resistance reciprocal by the TGV at which the measurements were made. At least five measurements were made per individual during each phase of the study, and the results are reported as the Tetraplegic patients have difficulty supporting the cheeks with their hands to prevent pressure changes induced by the mouth. Therefore, we developed a special clip for this maneuver ( Figure 1 ). All subjects in both groups used it. The measurements began only after evidence of chamber thermal equilibrium and only when the panting frequency was approximately 1.5 Hz. The body plethysmograph results were obtained following the AARC clinical practice guidelines. 16 Spirometry and plethysmography measurements were performed before and 45 min after inhalation via a spacer of four puffs of ipratropium bromide (Boehringer Ingelheim, Ridgefield, CT, USA) delivering a total dose of 72 mg. With the lips securely around the aerosol spacer, each subject inhaled from residual volume (RV) to total lung capacity (TLC) and the researcher manually triggered the metered dose inhaler at about functional residual capacity. Each subject held his breath at TLC for 10 s and then breathed normally for 30 s before the next inhalation of drug. During spirometry, those patients classified as 'responders' achieved a bronchodilator response equal to or greater than a minimum of a 12% and 200 ml either in FEV 1 or FVC as described by the ATS. 11 Additionally, during plethysmography 'responders' achieved an improvement in sGaw equal to or greater than 40%. 17 Those with less than these thresholds were classified as 'nonresponders'.
Statistical analysis
All data are expressed as means7SD. An unpaired Student's t-test and Fisher's exact test (one-tailed) was performed to assess differences between the groups. We also performed analysis of variance (ANOVA) for repeated measurements of the sGaw and TGV results between the groups of control and tetraplegic subjects, before and after bronchodilator challenge. In addition, a one-way ANOVA with post hoc analysis was conducted using Fisher's pairwise comparisons to determine whether there were differences between the control group and two subgroups of patients, one currently using and the other not using baclofen. StatView for Windows (SAS Institute Inc., version 5.0.1) was used for all statistical analysis. Statistical significance was defined as Po0.05.
Results
The mean baseline values of pulmonary function parameters revealed mild-to-moderate restrictive impairment in tetraplegic patients as defined by decreases in TLC and the percentage of predicted SVC. In the tetraplegic group, all the mean percent predicted values of spirometry and lung volumes were lower than the control group (Po0.001) with three exceptions. RV was greater in the tetraplegic group (Po0.001), and the FEV 1 /FVC ratios were equal (Table 2 ). At baseline, there was no difference between the TGV of controls (3.8770.82 l) and that of the tetraplegic patients (3.6870.59 l).
Five of 18 tetraplegic patients were 'responders' to bronchodilator by spirometry. No control subjects responded by spirometry (P ¼ 0.019). All tetraplegic patients were 'responders' versus four of 18 controls when evaluated by sGaw (Po0.001). The percentage change showed an average increase of 235% (793) for the tetraplegic group compared with 25% (724) for controls (Po0.0001) ( Table 3 ). Prebronchodilator results demonstrate that baseline average sGaw was lower in tetraplegic patients (0.2570.11) than controls (0.4170.10 l/s/cm H 2 O), (Po0.0001) ( Table 3 and Figure 2) . The specific airway resistance was 0.3370.12 l/s/cm H 2 O for the tetraplegic group, and 0.2470.19 l/s/cm H 2 O in the control group. No difference for mean basal sGaw and percentage difference after bronchodilator challenge was encountered in tetraplegic patients with and without baclofen. Both tetraplegic subgroups maintained the previously described significant difference when compared to controls (Po0.002).
The ANOVA for repeated measurements detected changes in sGaw only in the group with tetraplegia after bronchodilator administration (Po0.0001). No changes were identified by ANOVA in TGV before and after bronchodilator in either group nor was there a difference between the groups. Withdrawing the four patients with ASIA B lesions did not change these results (data not shown).
Discussion
This study shows that patients with cervical SCI have a reduced baseline conductance that improves after an inhaled anticholinergic drug. This behavior was not affected by the use of baclofen. The study adds support to the hypothesis of a reduced baseline airway caliber motivated by an unopposed parasympathetic activity secondary to the loss of sympathetic innervation of the Figure 1 Subject within the closed plethysmographic chamber during an exam using nasal clip and cheek support to prevent soft tissue pressure changes during panting lungs. 4 Autonomic imbalance among subjects with tetraplegia might also be the consequence of denervation of the adrenal medulla. 3 Perhaps because reduced flow rates were always felt to be in proportion to the reduction in vital capacity of tetraplegic patients, the presence of an obstructive component in the respiratory dysfunction of these patients may not have been suspected by previous investigators. 18 With bronchodilator administration, most of these patients demonstrated a disproportionate improvement in FEV 1 relative to FVC, thereby increasing the FEV 1 /FVC, unmasking an associated pulmonary obstruction. 18 Efferent vagal nerve fibers provide bronchoconstrictor tone to the airway, but doubt exists regarding the influence of direct adrenergic innervation of bronchial smooth muscle. 4 Sympathetic fibers may have a counter regulatory function as suggested by anatomic studies a The X12% and 200 ml increase to FEV 1 or FVC; X40% increase in sGaw
showing intermingling of postganglionic sympathetic fibers with parasympathetic fibers in plexuses within airway walls. 4 Other neural pathways such as the noncholinergic and nonadrenergic system may have a role in bronchomotor tone. 19 Our results add supportive evidence for the participation of adrenergic system into the bronchomotor tone regulation.
To date, two studies have measured conductance in tetraplegic patients. The study of Schilero et al, 8 in 2004, using metaproterenol sulfate demonstrated an average increase in conductance of 134%. A year later, using ipratropium bromide, the same research group 9 showed an average increase of 135%. This evidence reinforces the hypothesis of vagal dominance on resting bronchomotor tone in these patients. They studied patients with average time postlesion of at least 13 years and their methodology did not use check support during the panting maneuvers. Our patients have a shorter time postinjury (range 1.4-37.9 months; average of 12710 months). In all three studies, the results are similar but appear greater in our patients with a shorter average time postinjury (235% improvement).
In general, spirometric values are markedly reduced, as are maximal mouth pressure in high SCI patients. [20] [21] [22] Many studies used surrogate spirometric indexes of airway size (FEV 1 percent predicted and forced expiratory flow 25-75% vital capacity percent predicted) and airway size relative to lung size (forced expiratory flow 25-75% vital capacity/FVC ratio) in tetraplegic patients to demonstrate airway flow rate improvement by inhaled bronchodilator. 6, 7 These same spirometric techniques were used to demonstrate bronchial hyperresponsiveness following inhalation of methacholine, histamine and/or distilled water. 6, 7, 10, [23] [24] [25] [26] [27] [28] [29] This bronchial hyper-reactivity maybe an additional indirect evidence of pre-existing airway narrowing. Any small further reduction in caliber would produce a large increase in resistance (resistance of laminar gas flow being inversely related to the fourth power of the radius), thus leading to the clinical impression of hyper-reactivity.
Maximum expiratory flow volume curves to detect airflow obstruction in tetraplegic patients are hampered by skeletal muscle weakness and paralysis essential for the forced expiratory maneuvers. Thus, forced lung function measurements may reflect different components of respiratory muscle strength and weakness, giving little information on the mechanical characteristics of the respiratory system. 30, 31 We feel plethysmography to estimate the airway caliber better defines the magnitude of the autonomic imbalance suggested in prior investigations in tetraplegics.
Baclofen and oxybutynin can alter airway reactivity. SCI patients frequently use both. Prior studies 26, 32 show an attenuation of bronchial hyperactivity induced by methacholine, but not that due to histamine, in tetraplegic patients using baclofen. Since we did not use bronchial provocation, our study is not directly comparable to the studies of Grimm et al 26 and Dicpinigaitis et al. 32 We considered it important to exclude any potential confounding effect this anticholinergic medication might have had on airway caliber. No such effect was observed on our results. Smoking is known to induce a fall in respiratory conductance. 33 None of the control group had ever smoked, but the tetraplegic group contains one smoker and two former smokers, therefore we reanalyzed the data excluding these three individuals. No changes were observed in our results.
It is worth noting that the baseline sGaw in our control group is at the lower limits of normal range. 34 There are two possible explanations for this phenomenon. Spirometry conducted immediately prior to body plethysmography might lead to changes in airway stretch properties. The use of the special clip device to support the cheeks might have contributed to this result. We feel, however, that any artifacts that may have been produced by this methodology have been controlled by the strictly equal application of the experimental protocol in both groups.
We conclude from these findings that ipratropium bromide improves specific conductance in cervical spine lesion patients, although it does not change total gas volume. This would appear to have important implications for a group of individuals whose mortality due to pulmonary causes remains significant, 35 as does the frequency of their respiratory complaints. 36 There may be a future role for prolonged bronchodilator treatment in tetraplegic patients that needs confirmation in clinical trials. The fact that we did not observe change in TGV might imply that the elevated airway resistance in these patients does not interfere with the functional residual capacity. 
